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drift,	 demographic	 instability,	 population	 fragmentation,	 introgressive	 hybridization,	
selection)	but	also	 its	consequences	 (inbreeding	and	outbreeding	depression,	emer-
gence	 of	 large-	effect	 detrimental	 alleles,	 maladaptation	 and	 loss	 of	 adaptability).	















genetic	 diversity	 (Hughes,	 Inouye,	 Johnson,	 Underwood,	 &	Vellend,	




roughly	 half	 of	 forest	 species	 being	 threatened	 (FAO,	 2010,	 2014).	
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Furthermore,	due	 to	prolonged	and	 intensive	artificial	 selection,	 the	
effective	 population	 sizes	 of	 major	 domesticated	 livestock	 breeds	
rarely	exceeds	a	few	hundred	individuals	(Leroy	et	al.,	2013),	despite	
their	often	very	large	census	sizes.	Thus,	many	domestic	breeds	of	high	
heritage value also need management to maintain genetic diversity 
(Bruford	et	al.,	2015).
The	 conservation	 of	 genetic	 diversity	 is	 one	 of	 the	 priorities	 of	
the	 Convention	 of	 Biological	 Diversity	 (CBD;	 www.cbd.int/conven-
tion/text/).	The	maintenance	of	 genetic	 diversity	 is	 also	 included	 in	
the	 UN’s	 Sustainable	 Development	 Goals	 (https://sustainablede-
velopment.un.org/).	 For	 the	 purpose	 of	 population	 monitoring,	
many	metrics	 have	 been	 proposed	 to	 assess	 changes	 in	 genetic	 di-
versity	 and	 possible	 genetic	 erosion,	 including	 the	 coancestry	 coef-
ficient,	 population	 allelic	 diversity,	 population	 differentiation	 and	











erted	by	various	 forces	external	 to	 the	population	 (Lacy,	1987).	The	
“genetic	erosion”	concept	was	coined	in	a	conservation/management	






and	metrics	may	not	only	be	needed	 to	 infer	 the	underlying	mech-









different	 types	of	genetic	marker	and	applicable	 to	a	wide	 range	of	
species.
In	this	review,	we	evaluate	genetic	erosion	metrics	that	have	been	







2  | COMPONENTS OF GENETIC EROSION










and	 outbreeding	 depression,	 emergence	 of	 large-	effect	 deleterious	
mutations,	maladaptation	 and	 the	 loss	 of	 adaptive	 potential,	 which	
can	interact	and	amplify	via	feedback	mechanisms	and	ultimately	lead	
to	extinction	(Frankham,	2005).	As	metrics	based	on	genomic	 infor-
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will	also	be	investigated	in	this	section	(see	Table	1).	Note	that	we	do	
not	directly	consider	external	drivers	such	as	habitat	loss	and	climate	





expected	 to	 reduce	 genetic	 variation	 (e.g.,	 heterozygosity)	 equally	
at	both	neutral	and	adaptive	 loci	 in	small	populations.	However,	se-
lection	 acts	 at	 different	 levels:	 as	 a	 driver	 of	 genetic	 erosion,	 it	will	
affect	 the	 number	 and	 productivity	 of	 successful	 breeders,	 thereby	
indirectly	impacting	inbreeding	and	drift.	As	a	mechanism,	directional	
selection	is	also	expected	to	decrease	variability	at	target	genes	and	




















2.1 | Genetic mechanisms of genetic erosion








Components to be 









Low High ROH:	time	frame	adjustable 
He: sensibility to ascertainment bias





































2 High High Requires	specific	trait	or	phenotypic	
information
Low	sample	size	and	marker	density	are	here	considered	to	be	<100	individuals	and	a	few	hundred	SNPs.








Inbreeding	 was	 originally	 defined	 by	 Wright	 (1921)	 as	 the	
correlation	 between	 parental	 gametes	 that	 unite	 to	 form	 an	 in-
dividual	 relative	 to	 the	 total	 array	 of	 such	 gametes	 in	 a	 random	
sample	 from	 the	 reference	 population.	 Later,	 it	 was	 defined	 as	
the	 probability	 that	 two	 homologous	 genes	 in	 an	 individual	were	
inherited	 from	 the	 same	 ancestral	 gene	 (identity	 by	 descent	
(IBD),	 Malécot,	 1948).	 The	 application	 of	 the	 correlation-	based	
inbreeding	 concept	 to	 a	 subdivided	 population	 yields	 Wright’s	 















in	 measuring	 IBD	 than	 pedigree	 approaches	 (Hoffman	 et	al.,	 2014;	
Kardos	 et	al.,	 2015).	Over	 the	 last	 10	years,	 ROH	 approaches	 have	
been	 extensively	 used	 for	 population	 analysis	 in	 livestock	 (Bjelland	
et	al.,	 2013;	 Ferenčaković	 et	al.,	 2013;	 Keller	 et	al.,	 2011),	 and	 now	





of	 the	 best	metrics	 of	 genetic	 erosion	 is	 the	 effective	 population	
size	Ne	 (Wright,	1931),	 that	 is,	 the	size	of	an	 idealized	population	
that	would	 produce	 the	 same	 genetic	variation	 as	 the	 population	
under	study	(Caballero,	1994;	Crow	&	Kimura,	1970;	Wang,	2016).	
The	 inbreeding	effective	size	 (NeI),	which	measures	the	rate	of	 in-
breeding	 (i.e.,	 the	 approach	 to	 homozygosis),	 and	 variance	 effec-
tive	size	 (Nev),	which	measures	the	rate	of	drift	 (i.e.,	 the	approach	
to	fixation),	are	equivalent	for	a	single	population	of	constant	size	
(Wang,	 2005).	Normally,	 the	 two	metrics	 are	 different	 but	 highly	
correlated,	 except	 when	 populations	 fluctuate	 dramatically	 over	
one	or	a	few	generations	or	when	populations	are	subdivided	with	
low	levels	of	migration.	With	the	increasing	availability	of	genomic	
data,	 Ne	 metrics	 can	 be	 estimated	 from	 various	 signals	 (such	 as	
temporal	variance	in	allele	frequency,	frequency	of	close	relatives,	
linkage	disequilibrium;	Wang,	2016).	The	linkage	disequilibrium	(LD)	
approach,	which	 uses	 the	 correlation	 between	 alleles	 at	 different	
loci to estimate Ne,	reflects	the	inbreeding	effective	population	size	
in	 the	 previous	 generation	 when	 considering	 unlinked	 loci	 (Hare	
et	al.,	2011),	or	even	over	a	 longer	time-	period,	when	considering	
linked	loci.	This	property	makes	it	very	useful	in	recently	declining	
or	 isolated	populations,	and	has	been	 increasingly	used	 in	various	
species	 (Kijas	 et	al.,	 2014;	 Makina	 et	al.,	 2015;	 Pazmiño,	 Maes,	
Simpfendorfer,	Salinas-	de-	León,	&	van	Herwerden,	2017;	Plomion	
et	al.,	2014).
Hollenbeck,	 Portnoy,	 and	 Gold	 (2016)	 used	 an	 extension	 of	
linkage	disequilibrium	 to	 estimate	Ne	 over	 a	 range	of	 time	points	
using	SNP	genotype	data	from	a	single	sample	per	population.	The	
method was able to detect recent changes in Ne	without	phasing	
of	 genomic	 data,	 giving	 it	 strong	 potential	 for	 conservation	 ge-
nomics.	The	LD	approach	is	however	not	free	from	bias,	especially	
due	 to	 limited	 population	 sampling	 or	 genotyping	 errors	 (Wang,	
2016).	More	recently,	methods	 identifying	IBD	tracts	 (equivalents	
to	 ROH)	 from	 genomic	 DNA	 sequence	 or	 SNP	 data	 have	 been	
proposed,	 using	 their	 length	 distribution	 to	 infer	 the	Ne trajecto-




ogenous	across	the	genome,	with	a	local	reduction	in	Ne at neutral 




As	 an	 important	 driver	 of	 genetic	 erosion,	 selection	 affects	 genetic	
variation	 in	 a	 number	 of	 ways.	 Balancing	 selection	 (e.g.,	 heterozy-




ering	either	evolution	 in	allele	 frequencies,	 linkage	disequilibrium	or	
detection	of	outlier	loci	in	population	differentiation	(Vitti,	Grossman,	
&	Sabeti,	2013),	and	in	recent	years,	a	wide	number	of	genomic	re-




variants	 of	 interest	 for	 fitness	 and	 population	 persistence.	 For	 in-
stance,	in	a	study	on	a	transmissible	cancer	affecting	Tasmanian	devils,	
Epstein	et	al.	 (2016)	 identified	 two	chromosomal	 regions	associated	
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2.1.3 | Introgression
Introgression	refers	to	the	flow	of	alleles/genes	from	one	species	into	
another	 by	 repeated	 backcrossing	 of	 interspecific	 hybrids	with	 one	
of	the	parental	species.	 It	 is	a	natural	evolutionary	process	that	can	
have	positive	impacts	on	biodiversity,	such	as	an	increase	in	genetic	




Wenburg,	 2001;	 Rhymer	&	 Simberloff,	 1996).	 The	 interbreeding	 of	
populations	 that	were	 formerly	 isolated	 from	each	other	can	 impair	
the	genetic	 integrity	of	either	or	both	populations,	eventually	elimi-
nating	adaptive	genomic	architecture	when	hybridization	progresses	









ment	 of	 introgression,	 including	 Structure	 (Pritchard,	 Stephens,	 &	
Donnelly,	 2000),	 NewHybrids	 (Anderson	 &	 Thompson,	 2002)	 and	
Admixture	(especially	appropriate	for	SNP	data;	Alexander,	Novembre,	
&	 Lange,	 2009).	 Some	 software	 such	 as	 PCAdmix,	which	 estimates	
local	ancestry	using	phased	data	 (Brisbin	et	al.,	2012),	 is	 tailored	to-
wards	genome	data	and	may	allow	 fine-	scale	genomic	dissection	of	
such	events.	Although	quite	flexible,	these	approaches	are	based	on	
different	 assumptions	 and	 hypotheses	 (for	 a	 review	 of	 metrics	 and	
methods,	 see	Payseur	&	Rieseberg,	 2016).	Different	metrics	 can	be	
analysed,	considering	either	the	different	kinds	of	hybrids	likely	to	be	





using	multidimensional	 scaling	 implemented	 in	PLINK	 (Purcell	 et	al.,	
2007)	and	STRUCTURE	(see	also	Box	2).
When	considering	functional	markers,	modern	genomic	tools	have	
allowed	 the	 identification	 of	 targeted	 introgression	 in	 specific	 ge-
nome	areas	(Payseur,	2010;	Price	et	al.,	2009;	Wegmann	et	al.,	2011).	
Barbato	 et	al.	 (2017)	 inferred	 adaptive,	 largely	 unidirectional	 intro-
gression	of	mouflon	alleles	into	the	genomes	of	 local	sheep	that	are	









tify,	 but	 methods	 have	 been	 developed	 to	 estimate	 this	 parame-
ter	 (Payseur	 &	 Rieseberg,	 2016).	 One	 general	 observation	 is	 that	
ancient	admixture	events	are	more	 likely	 to	have	shorter	genomic	
stretches	because	they	have	been	broken	down	by	recombination.	






introgressed	 genomes	 (Schaefer,	 Shapiro,	 &	Green,	 2016).	 For	 in-
stance,	Skoglund,	Ersmark,	Palkopoulou,	and	Dalén	(2015)	recently	






2.2.1 | Changes in population size
In	 natural	 populations,	 levels	 of	 genetic	 diversity	 and	 population	
size	 are	 correlated,	 with	 larger	 populations	 typically	 harbouring	
the	 most	 variation	 and	 evolutionary	 potential	 (Frankham,	 1996).	
Population	 declines	 can	 leave	 a	 population	 more	 susceptible	 to	
extinction	 in	 the	 short	 term	 due	 to	 environmental,	 demographic	
and	 random	catastrophic	 events	 (Frankham,	1995a,b).	The	conse-




can	be	 estimated	using	 a	 variety	of	 nongenetic	 tools,	 from	 track-
ing	 individuals	 using	 natural	markings,	 to	 line-	transect	 studies,	 to	
counting	an	entire	population	using	satellite	 imagery.	Genetic	and	
genomic	 tools	 can	 however	 be	 used	 to	 estimate	 census	 popula-




















limited	migration.	 Over	 time,	 drift	 and	 inbreeding	 will	 increase	 the	
differentiation	among	populations	and	deplete	 the	genetic	variation	
in	 each.	 The	 differentiation	 between	 populations	 can	 be	measured	
and monitored by F-	statistics	(Wright,	1943)	calculated	from	genetic	
marker	data.	However,	FST	values	can	take	hundreds	of	generations	
to	 respond	 to	 the	 effect	 of	 new	 barriers	 to	 gene	 flow	 (Landguth	















at	a	 rate	consistent	with	 the	proportion	of	 the	population	sampled,	
supporting	the	hypothesis	of	reduced	connectivity	between	the	two	
regions.
2.3 | Consequences of genetic erosion
2.3.1 | Inbreeding depression
Inbreeding	 depression	 (ID)	 is	 defined	 as	 the	 reduction	 in	 fitness	
due	to	inbreeding,	and	it	has	been	shown	to	affect	any	trait	under	
selection	 (Falconer,	Mackay,	 &	 Frankham,	 1996;	 Leroy,	 2014).	 ID	
metrics	 measure	 the	 rate	 at	 which	 the	 trait	 of	 interest	 changed	

















Genomic	 techniques	have	greatly	 enhanced	 the	 available	power	
to	 assess	 inbreeding	 depression	 in	 natural	 or	 domestic	 populations.	
















conditions,	 known	 as	 extrinsic	 outbreeding	 depression	 (Edmands,	
2007).	Although	reproductive	isolation	has	been	studied	extensively,	
the	 effects	 of	 outbreeding	 depression,	while	widely	 acknowledged,	
have	been	less	often	demonstrated.	Outbreeding	depression	is	gener-





with	 inbreeding	 effects	 on	 fitness,	 the	 effects	 of	 among-	population	
hybridization	may	 be	 difficult	 to	 predict	 from	 genetic	marker	varia-
tion	alone;	any	fitness	effects	depend	upon	the	differences	in	genetic	
architecture	 of	 fitness	 in	 populations,	which	 has	 been	 shown	 to	 be	
highly	variable	among	species	(Edmands,	2007).
Outbreeding	 depression	 is	 usually	 determined	 through	 crossing	





tion	between	seedling	 fitness	 in	early	generation	hybrids	of	Populus 
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More	 interestingly,	 modern	 genomic	 tools	 allow	 the	 identifi-
cation	 of	 deleterious	 mutations	 without	 phenotypic	 information.	
For	 instance,	 the	 use	 of	 high-	density	 SNP	 panels	 in	 cattle	 breeds	
has	 identified	 haplotypes	 showing	 a	 deficit	 in	 homozygotes,	 thus	
enabling	 the	 detection	 of	 novel	 genetic	 defects	 related	 to	 prena-
tal	 deaths,	 allowing	 potential	 counter	 selection	 for	 fertility	 im-
provement	 (Fritz	 et	al.,	 2013).	 In	 fish,	 Ferchaud,	 Laporte,	 Perrier,	
and	Bernatchez	 (submitted)	 have	 investigated	 how	 to	 incorporate	
deleterious	 mutations	 in	 recommendations	 for	 management	 and	
stocking	practices.	A	growing	number	of	surveys	of	natural	loss-	of-	






Most	 recently,	 Rogers	 and	 Slatkin	 (2017)	 identified	 a	much	 larger	
number	 of	 deletions	 retrogenes,	 and	 nonfunctioning	 point	 muta-
tions	in	a	woolly	mammoth	from	Wrangel	Island	with	a	low	Ne com-
pared	with	an	older	sample	from	a	larger	population.	This	suggests	
that	 genetic	 erosion	 played	 a	 significant	 role	 in	 the	 extinction	 of	
woolly	mammoths	on	 the	 island	 and	demonstrates	 its	 importance	
in	 conservation.	 To	 date,	 few	 studies	 have	 focused	 on	 estimat-
ing	 the	 fitness	 impacts	 of	 these	 variants,	 although	 Sulem	 et	al.	
(2015)	 show	 that	 in	human,	homozygous	LoF	offspring	of	hetero-
zygous	parents	were	found	in	 lower	than	expected	frequencies.	 In	
Caenorhabditis elegans,	 the	majority	of	knocked	out	genes	reduced	
the	 fitness	 of	 the	 animals	 that	 carried	 them	 (Ramani	 et	al.,	 2012)	



























can	 lead	 to	 the	evolution	of	 smaller	body	 sizes	 in	 fish,	which	 leads	
to	maladaptive	traits	such	as	fewer	vertebrate,	slower	larval	growth,	







assess	 their	 frequency	and	 impact	on	 fitness	 and	health.	 For	 exam-



















est	 (such	as	additive	genetic	 (co)variance,	heritability	h2 and genetic 
correlation).	However,	 a	meta-	analysis	 by	Wood,	 Yates,	 and	 Fraser	
(2016)	did	not	find	significant	relationships	between	census	popula-
tion	size	and	heritability,	suggesting	that	adaptive	potential	might	only	









Practical	 genomic	 studies	 assessing	 the	 impact	 of	 genetic	 ero-
sion	 are	 currently	 lacking.	 However,	 in	 the	 face	 of	 global	 environ-
mental	 change,	 the	 development	 of	methods	 and	metrics	 is	 greatly	
needed	to	monitor	adaptive	potential	and	guide	decisions	from	in	situ	
or	 ex	situ	conservation	 to	 translocation	 (Aitken	 &	 Whitlock,	 2013;	
Hoegh-	Guldberg	et	al.,	2008).
3  | MARKER SET PROPERTIES AND 
TEMPORAL PERSPECTIVES
Whereas	 hypervariable	 markers	 (such	 as	 microsatellites)	 were	 the	
marker	of	choice	in	the	1990s	and	2000s,	more	recently	the	focus	has	
increasingly	 switched	 to	 the	more	abundant	 single	nucleotide	poly-
morphisms	(SNPs).	For	population	monitoring,	study	requirements	in	
terms	of	sampling	and	marker	density	should	be	carefully	considered,	
including in relation to the time scale being considered in the analysis.
3.1 | Precision and harmonization of metrics in 





2016),	 as	 the	 underlying	 metrics,	 as	 well	 as	 parameters	 related	 to	
the	situation	of	the	population	under	study,	may	impact	on	precision	




































tions	 (i.e.,	 true	Ne	 large)	because	 the	signal	of	drift	 is	weak	 relative	
to	 sampling	 noise,	 requiring	 increased	marker	 density	 (Robinson	&	




coancestry,	 Gómez-	Romano	 et	al.	 (2013)	 stated	 that	molecular	 es-
timates	 outperform	 genealogical	 estimates	 at	 around	 500	 SNPs/
Morgan.	Genotype	data	from	noninvasive	or	minimally	invasive	sam-








otypes	 (linkage	disequilibrium	 for	 instance)	 are	 sensitive	 to	missing	
data.
3.2 | Temporal perspectives
Timescale	 is	 an	 important	 consideration	 for	 genetic	 metrics	 as	 (i)	
genetic	erosion	 is	a	 function	of	 time	and	 (ii)	monitoring	 requires	an	
assessment	 of	 changes	 occurring	 over	 different	 periods	 (Schwartz,	
Luikart,	&	Waples,	2007),	with	the	time	frames	considered	generally	


















The	 possibility	 of	 considering	 variable	 timescales	 according	 to	
physical	marker	linkage	(NeLD)	or	marker	stretch	length	(ROH	metrics)	





However,	 sampling	 at	 regular	 time	 intervals	 should	 permit	 the	
monitoring	 of	 and	 identification	 of	 genetic	 erosion	 and	 its	 drivers,	
and	 the	 consequence	 of	 these	 factors	 for	 population	 fitness	 and	
health,	 providing	 insight	 for	 practitioners	 to	 take	 appropriate	 mea-
sures.	As	marker	sets	may	change	over	time,	particularly	 for	metrics	
whose	estimates	are	sensitive	to	the	marker	being	used,	 the	 impact	
of	 these	 changes	 needs	 to	 be	 considered	 (through	 integration	with	
former	marker	set	or	by	 imputation),	especially	when	changing	from	
	microsatellite	to	SNPs	(see	Carroll	et	al.,	2017).
4  | USE OF INFORMATION RELATED TO 
SELECTED/FUNCTIONAL LOCI
As	previously	stated,	genomic	diversity	may	be	affected	differentially	
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by	practitioners	(DeWoody	et	al.,	2017).	Non-	neutral	marker	data	may	
be	of	great	help	 for	 the	 implementation	of	selection,	 translocations,	
reintroductions	or	other	conservation	programmes.
There	 are	 however	 several	 barriers	 to	 investigating	 non-	neutral	
genomic	 variation	 for	 population	monitoring	 and	 as	 the	 number	 of	
steps	 required	 (read	 or	 marker	 filtering,	 phenotyping,	 analysis	 per	
se)	 is	 often	 complex,	 sometimes	 requiring	 advanced	 bioinformatics	
skills	and	resources.	This	can	represent	a	serious	limit	to	the	transla-
tion	of	non-	neutral	markers	into	routine	management	practice.	Also,	









there	 is	 good	knowledge	on	 related	 adaptive	 traits.	 In	other	 cases,	
and	 especially	when	 future	 changes	 are	 uncertain	 and/or	 adaptive	
pressures	 are	 expected	 to	 be	 multifaceted,	 genomewide	 variation	
should	be	used	to	estimate	evolutionary	potential.	Under	certain	cir-






5  | USE OF GENETIC EROSION METRICS  




















integrated	 in	monitoring	 programmes	 (see	 also	Garner	 et	al.,	 2016).	
Here,	we	discuss	a	number	of	practicalities	when	considering	a	genetic	
monitoring	project,	 such	 as	 sampling	 regime	and	 the	use	of	 neutral	
versus	functional	markers.
One	important	topic	related	to	genetic	erosion	metrics	relates	to	how	
those metrics can be used to trigger management interventions related 
F IGURE  2 Development	and	use	of	
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(a) Strategy and tool 
development












genetic	 parameters	 using	 genomic	 methods	 can	 be	 used	 to	 improve	
population	viability	analyses	by	incorporating	relevant	evolutionary	pro-
cesses	(e.g.,	inbreeding	or	hybridization,	Pierson	et	al.,	2015).





be	 selected	 based	 on	 a	 dense	marker	 analysis	 considering	 genomic	
(neutral	 and	non-	neutral),	 phenotypic	 and	 environment	 information,	





utilize	 a	 low-	cost	 marker	 set	 (genomewide	 markers	+	management-	
informative	 loci)	 and	 targeted	 low-	cost	 phenotypic/environment	 in-
formation.	Both	phases	 should	be	conducted	as	a	 collaborative	and	
iterative	 process	 between	 managers,	 who	 will	 use	 the	 monitoring	










this	 review	to	 take	a	position	on	 those	 thresholds,	but	our	underly-
ing	arguments	support	the	inclusion	of	metrics	that	describe	the	driv-




of	 genetic	 erosion	 from	 a	 neutral	 perspective.	 Modern	 genomics	
approaches	now	offer	a	more	complete	view	on	the	phenomenon,	
investigations	 into	 functional	 variation,	 as	well	 as	 providing	more	
accurate	 estimations	 of	 the	 consequences	 of	 genetic	 erosion	 on	
fitness	and	adaptation	in	populations.	In	the	latter	case,	it	is	import-
ant to underline that most metrics will need to be combined with 
phenotypic	information	related	to	the	traits	relevant	for	fitness.
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